Tantalum oxynitride coatings were deposited via reactive pulsed-DC magnetron sputtering. The nitrogen content in the coatings, governed by the flow rate of nitrogen gas, affected the resulting crystallinity of the annealed films and their optical band gap. The photocatalytic activity, as measured via organic dye degradation, was strongly linked to these properties, with those coatings containing the highest nitrogen levels exhibiting visible light activity. Upon comparison, this activity was found to be significantly higher than commercial titanium dioxide photocatalysts.
Main text
Tantalum-based materials have attracted increasing interest amongst researchers as alternative photocatalytic materials. Several works have been published on tantalum oxide Ta2O5 as a photocatalytic material [1] [2] [3] , however its high band gap (4 eV and higher - [1] ) significantly limits its application. Tantalum oxynitride films have recently drawn some attention as they are expected to combine properties of tantalum oxide and tantalum nitride, and therefore may exhibit potentially interesting electrical, optical and mechanical properties [4, 5] . It has been reported that tantalum oxynitride may find application as a novel visible light photocatalyst [6] [7] [8] [9] [10] [11] . The photocatalytic properties of the most popular photocatalytic materials, titanium dioxide and zinc oxide, are limited in the sense that a UV light source must be used to activate the catalytic behaviour due to relatively high band gap values of these compounds (3.2 and 3.0 eV, respectively). Several methods, can be used for shifting the photocatalytic activity of TiO2 and ZnO towards the visible range, such as doping [12, 13] or photosensitization [14] . However, the majority of modified photocatalysts are still able to use only a small fraction of the visible light spectrum (typically 400-420 nm). Therefore tantalum oxynitride with its low band gap (reportedly in the range of 1.5 -2.4 eV [4, 9] ) may be a suitable alternative to other, more popular photocatalysts where visible light activity is required.
Reactive magnetron sputtering is one of the most widely used techniques for the production of oxide and nitride coatings due to its relatively low cost, process stability and versatility.
Magnetron sputtering is often reported to be used for the production of tantalum oxide [1] and oxynitride coatings [15, 16] although the photocatalytic application of reactively sputtered TaON coatings is not widely reported [4] . Therefore, the aims of this study were to find experimental conditions that allow the deposition of stoichiometric tantalum oxynitride coatings using reactive magnetron sputtering, to test their photocatalytic activity under visible light irradiation and compare their photocatalytic efficacy against a commercially available photocatalytic glazing product.
All coatings were deposited in a Teer Coatings Ltd. UDP450 sputtering rig using a vertically mounted rectangular planar magnetron with a 300mm × 100mm tantalum target (99.5% purity) bonded to a copper backing plate. The magnetron was driven in mid-frequency pulsed DC sputtering mode using an Advanced Energy Pinnacle Plus power supply at a constant timeaveraged power of 1kW, pulse frequency of 100 kHz and a duty of 50%. The reactive sputtering process was carried out in an argon / oxygen / nitrogen atmosphere at a pressure of 0.3 Pa. The oxygen flow rate was controlled using a Megatech Reactaflo TM optical emission monitoring system set for 30% and 35% of the full metal signal; the flow of the other two gases was set using mass-flow controllers (Ar 40 sccm, N2 at 10 sccm and 20 sccm). Soda-lime glass slides, used as substrates, were ultrasonically pre-cleaned in propan-2-ol and mounted on a rotatable substrate holder at 100 mm distance from the target. The rotation speed of the substrate holder was fixed at 5 rpm for all runs.
The coatings were annealed in air at a temperature of 873 K for 30 min, followed by gradual cooling for 8-9 hours to avoid thermal stresses in the coatings.
The coatings were analysed with scanning electron microscopy (SEM) (FEI Quanta FEG). The composition of the coatings was estimated with EDX (Aztec-based XACT system, Oxford instruments that enables standardless quantification). The crystallinity of the coatings was determined with X-ray diffraction (Panalytical Xpert powder in grazing incidence mode at 3 O ).
The band gap values of the coatings were calculated using Tauc plot method using transmittance of the coatings (determined with an Ocean Optics 2000+ spectrophotometer). Surface roughness of the coatings was measured using MicroXAM white light surface profilometry.
The photocatalytic properties of the coatings were assessed using the methylene blue (MB)
photo-degradation test. An aqueous solution of methylene blue has strong absorption peak at 665 nm; monitoring of the peak height can be used for quantitative assessment of a sample's photocatalytic properties. The absorption peak height was continuously monitored for 1 hour using a spectrophotometer. According to the Lambert-Beer law, the concentration decay of the dye is proportional to the absorbance decay. Photocatalytic decomposition of methylene blue was approximated to first order kinetics:
Where C0 and C are concentrations of methylene blue solutions prior to the experiment (time = 0) and at the time of experiment, respectively; ka is first order reaction constant; t is a time of experiment. Therefore the reaction constant can be determined from the gradient of the ln(A0/A) versus time curves.
Prior to photocatalytic activity measurement, samples of the same geometrical size (2.5 × 1. The results of XRD analysis of samples A and B are presented in Figure 3 . Samples C and D showed amorphous XRD patterns, and therefore are not shown in the figure. As coatings C and D had a much lower nitrogen content compared to samples A and B, their amorphous structure may be explained by the higher crystallization temperature required for tantalum oxide, rather than for tantalum oxynitride (tantalum oxide reportedly crystallizes at temperatures of 973 K and higher [17, 18] ). Hence, it is possible to conclude that decreasing the nitrogen flow from 20 to 10 sccm led to amorphisation of the films due to an increase in crystallisation temperature.
The XRD pattern of sample A produced with a higher oxygen flow (30% OEM signal) reveals a well-defined peak at 2θ=32.6° that can be attributed to monoclinic TaON (1 1 1 The optical band gap values of the coatings were calculated using the Tauc plot method, based on coating transmittance data. According to this method, the optical band gap of a semiconductor can be calculated using the Tauc equation [19] :
Where α is absorbance coefficient, h is Plank's constant, ν is the frequency of vibration, Eg is energy band gap, n is the exponent that denotes the nature of sample transition. Both tantalum oxide and tantalum oxynitride are indirect band gap semiconductors [20, 21] , so in this case n=2.
The coating transmittance information can be used for band gap calculation:
Where d is the thickness of the coating. Therefore, the band gaps were calculated by plotting 
